Ongoing investigations of salinization along the upper Colorado River, Texas present an opportunity to integrate results from a stream-axis airborne geophysical survey, well drilling and sampling, and groundand borehole-geophysical surveys. Airborne electromagnetic induction (EM) measurements along 437 km of river and tributary stream axes identifi ed discrete salinized streambed segments, including several near oil fi elds. An initial round of monitor wells verifi ed groundwater salinization in one of the oil fi elds, but did not adequately delineate salinization nor identify specifi c salinity source areas. Subsequent ground and borehole geophysical surveys complemented airborne EM and well data by establishing lateral and vertical salinization bounds, discovering possible salinity source areas, and determining optimal locations for additional monitor wells.
Introduction
We conducted surface and borehole geophysical surveys in and near the Wendkirk Oil Field in Coke County, Texas (Figure 1 ) to investigate the lateral and vertical extent of salinization impacting water quality in the upper Colorado River. These studies follow those reported in Paine and others (2006) in which a multifrequency EM instrument (Geophex GEM-2A) was fl own along the axis of the upper Colorado River and a major tributary to identify areas where high streambed electrical conductivities suggest sites of saline water infl ow into the river. The Machae Creek area, which encompasses the Wendkirk Oil Field, was the most upstream of four elevated conductivity zones identifi ed between Spence and Ivie Reservoirs as a result of the airborne survey ( Figure 1 ). The ground and borehole geophysical investigations are intended to clarify the extent of natural and oilfi eld salinization and guide future monitor well placement and remedial efforts.
Methods
We used the EM method, which measures the electrical conductivity of the ground, to delineate salinization because ground conductivity is greatly infl uenced by pore-water salinity. Three types of EM data were acquired to characterize salinization, including borehole logs, measurements along transects at the ground surface, and time-domain soundings to examine changes in ground conductivity to depths of 50 to 100 m.
Frequency-and time-domain EM methods (McNeill, 1980b; Kaufman and Keller, 1983; Parasnis, 1986; Frischknecht and others, 1991; Spies and Frischknecht, 1991; West and Macnae, 1991) can be used to measure ground conductivity using airborne, surface, and borehole instruments. The method has proven to be effective in locating salinized areas, mapping the extent and intensity of salinization, and locating potential salinity sources in support of invasive studies. Early instruments employed to estimate soil salinity indirectly included in situ transducers and electrode arrays to measure soil conductivity (Enfi eld and Evans, 1969; Halvorson and Rhoades, 1974) . During the late 1970s and early 1980s, investigators began developing and using EM instruments to measure ground conductivity noninvasively and estimate soil and water salinity (De Jong and others, 1979; McNeill, 1980a, b; Rhoades and Corwin, 1981; Rhoades, 1982, 1984; Williams and Baker, 1982; Williams and Braunach, 1984; Williams and Fidler, 1985) . EM methods continue to be employed in salinity mapping (e.g. McKenzie and others, 1997; Banerjee and others, 1998 : Paine and others, 1997 , 1999 Paine, 2003; Smith and others, 1997) . The EM method is popular because it can be rapidly and noninvasively applied. It is effective because a large increase in electrical conductivity typically accompanies the introduction of extremely conductive saline water (several hundred to several thousand millisiemens per meter [mS/m] [Hem, 1985] ) into fresh water, soil, and rock that generally have low natural conductivities (a few tens to a few hundred mS/m [McNeill, 1980a] ).
We measured apparent conductivity along 12 transects ( Figure 2 ) using a Geonics EM34-3 at a 20-m transmitter-to-receiver coil separation and a primary frequency of 1600 Hz. At these settings, measured apparent conductivities are bulk values representing approximately the upper 10 to 12 m with the coils oriented in the horizontal dipole (HD) confi guration and 20 to 25 m with the coils oriented in the vertical dipole (VD) confi guration. These measurements helped determine the lateral extent of salinization within the effective exploration depth of the instrument.
We acquired time-domain EM (TDEM) soundings at fi ve locations (Figure 2 ) to examine changes in ground conductivity to greater depths than those reached by water and monitoring wells. Subsurface conductivity profi les acquired using the TDEM method have lower resolution than those measured using borehole instruments, but are useful proxies for boreholes where large contrasts exist between salinized and nonsalinized groundwater.
Borehole Conductivity Logging
Borehole EM logs are particularly useful in identifying high-conductivity strata that host highly saline water. Borehole EM logs produce detailed subsurface conductivity profi les that can be used to identify specifi c salinized units and other stratal boundaries. We used a Geonics EM39 probe to measure apparent conductivity at 2.5 cm depth intervals in the uncased Mays 1 well and in PVC-cased monitor wells 1 through 9 (Figure 2 ).
Natural Gamma-Ray Borehole Logging
Borehole gamma probes respond to changes in mineral types and are used to identify subsurface geologic boundaries and correlate geologic units. Nearly all natural gamma radiation is emitted by isotopes of potassium (K 40 ) and the uranium (U 238 ) and thorium (Th 232 ) decay series (Telford and others, 1990 ). Gamma response, proportional to weight concentrations of these radioactive isotopes in the logged material, is practically proportional to K 2 O content, which is generally higher in clays than in siliceous sands (Schlumberger, 1989) . Typical gamma probes employ a thallium-activated sodium iodide detector to record gamma count rates originating in the strata surrounding the borehole. We used a Geonics Gamma 39 borehole probe to produce logs of natural gamma response.
Lateral Ground Conductivity Transects
The 12 ground conductivity transects (Figure 2 ) delineated elevated conductivity (and salinity) ground in the Wendkirk Oil Field area within the exploration depth range of the EM34. Lines were placed parallel to the river (and below the oil fi eld) on both sides of the river, along a central ephemeral stream that drains a large part of the oil fi eld south of the river, near an abandoned produced water pit near highsalinity wells, and across an area where saline water has been sampled in a seep and in monitor wells east of the main oil fi eld.
Transects Near the Colorado River
Transects north of the Colorado River extend more than 1.6 km on fl oodplain and terrace deposits (Figure 2 ). These lines cross the northern extension of the oil fi eld and were placed to identify possible shallow groundwater fl ow routes from the upland to the river. Two areas of elevated ground conductivity were identifi ed north of the river that likely indicate the presence of shallow, saline water (areas F and G, Figure 2) . Transects 1 and 6 span about 1900 m across the oil fi eld south of the Colorado River (Figure 2 ). There are four elevated-conductivity segments that indicate likely shallow salinization. These include a segment centered on a stream through the oil fi eld (area "C", Figure 2 ), a segment northwest of the Mays 1 well (area "B"), and a broad segment that coincides with effl orescence-coated fractures and bedding planes on a Permian-age (San Angelo Formation) bedrock outcrop (area "A").
Creek Transect, Wendkirk Oil Field
Transect 7 was acquired to identify possible salinity sources along an ephemeral stream that drains much of the oil fi eld south of the river (Figure 2) . Measured conductivities are relatively high along this transect, but diminish at the upstream end near monitor well 4. Relatively high conductivities are the result of high moisture content in stream sediments along with elevated pore-water salinities. Three segments have particularly high shallow conductivities, including (from downstream to upstream) the lower reach near the confl uence with the Colorado River, a segment near monitor well 5 (area "C", Figure 2) , and a segment adjacent to an abandoned well site southwest of the creek (area "D"). Area D is a likely salinity source area.
Well Data
Gamma and conductivity logs acquired in one water well (Mays 1) and all nine monitor wells ( Figure 2 ) helped (1) identify key stratigraphic boundaries between alluvial deposits and sandstone and mudstone bedrock and (2) delineate the vertical extent and intensity of salinization.
Chloride-to-sulfate ratios vary widely among the well samples (Figure 3 ) and may serve as a chemical discriminator for natural (low chloride:sulfate ratios) and oil fi eld (high chloride:sulfate) salinity sources. Ratios are less than 1 in samples from relatively low-salinity wells (the Milford 1 and 2 water wells and monitor wells 2, 7, and 9, Figures 2 and 3) . Ratios are higher than 5 in high-salinity wells (Mays 1 and monitor wells 4, 5, and 6). Values for Colorado River samples in this area are between 1.7 and 2.6. Wells with ratios near or higher than about 1 may indicate preferential chloride contributions from produced water.
Measured apparent conductivities in the wells range from a few to about 800 mS/m. In all wells except the lowest-salinity monitor well, highest conductivities were measured below the water level. The effectiveness of conductivity in salinity investigations is demonstrated by the relationship between total dissolved solids (TDS) concentration in well water samples and the maximum conductivity measured in the borehole logs (Figure 4) . Logs in the low-salinity wells record the lowest maximum apparent conductivities ( Figure 4) and also have the lowest choride:sulfate ratios (0.01 to 0.74, Figure 3 ). High-salinity wells record the highest maximum conductivities and have very high chloride:sulfate ratios (5 to 20). Maximum recorded borehole conductivities increase with water salinity, as does the chloride:sulfate ratio.
Cross Section 1
Cross section 1 passes through the main oil fi eld south of the Colorado River. It combines gamma and conductivity logs from the Mays 1 well and monitor wells 4, 5, and 6 (Figures 2 and 5 ) to illustrate stratigraphic and salinity relationships. All these wells have high salinities (11,300 to 43,000 mg/L TDS). Chloride:sulfate ratios are also high, ranging from 4.85 to 19.6.
Gamma logs effectively distinguish boundaries between the alluvial and bedrock strata. Comparisons of gamma logs with lithologic descriptions made during drilling demonstrate that relatively coarse Colorado River alluvial and terrace deposits (dominantly sand, gravel, and silt) found at and near the surface have relatively high gamma count rates. All wells penetrate sandstone and mudstone bedrock units of the San Angelo Formation, which have low gamma count rates in the sandstones and high count rates in the mudstones.
Conductivity logs respond strongly to water salinity. Moderate conductivities were measured in the wells farthest from the river. Much higher conductivities were measured in bedrock strata at and below the water level in monitor well 5, and in several stratal horizons in bedrock above and below the water level in the deeper Mays 1 well ( Figure 5 ). These data suggest that at least four stratal horizons above and below the water level (including three above the Colorado River elevation) are salinized.
All four wells in cross section 1 show evidence of oilfi eld salinization (anomalously high conductivities, salinities, and choride:sulfate ratios), but the salinization is most severe in the two wells nearest the river. Lateral and vertical infi ltration of produced water from a former brine discharge pit is a likely salinization mechanism for elevated conductivity area B (Figure 2 ). 
Time-Domain EM Soundings
Five TDEM soundings (Figure 2 ) supplement the lateral transects and borehole logs by providing generalized conductivity profi les to greater depths than those reached by the transects and the wells. Three of these are located south of the river (TDEM 3, TDEM 4, and TDEM 5), forming a section extending eastward from near the Colorado River to east of the saline seep area. Two more are located north of the river.
Four-or fi ve-layer conductivity models provided adequate fi ts to the transients at each location ( Figure 6 ). Exploration depths reached at least 60 to 90 m, to elevations 30 to 40 m deeper than those reached by the deepest logged well (Figure 5) .
At all locations except TDEM 3 southeast of the seep area, the generalized conductivity structure includes, from shallow to deep, a thin, poorly conductive surface layer a few meters thick; an upper conductive layer modeled at about 10 to 20 m thick; a poorly conductive layer 10 to more than 30 m thick; a lower conductive layer about 20 to 50 m thick; and a basal, poorly conductive layer of undetermined thickness ( Figure 6 ). Sounding TDEM 3 is similar to the others, except that the shallow conductive layer is absent.
In all soundings, the thin, poorly conductive surface layer represents relatively dry strata above the water table. In the soundings near the Colorado River (TDEM 2 and TDEM 4, Figure 6 ), the top of the upper conductive zone has an elevation near that of the Colorado River water level and probably represents the top of relatively saline, shallow groundwater sampled in the monitor wells. The elevation at the top of the upper conductive zone climbs in soundings farther from the river and at higher surface elevations (TDEM 1 and TDEM 5, Figure 6 ), again occurring at elevations similar to those of saline water levels in nearly monitor wells. The similarity in elevations and the high conductivities suggest that the upper conductive layer represents a shallow saline groundwater horizon in the area of the oil fi eld. This shallow saline horizon is absent at TDEM 3, an area where measured ground conductivities along transect 5 (Figure 2 ) also suggest the absence of shallow saline water. The association of the upper saline zone encountered in soundings TDEM 1, 2, 4, and 5 with the oil fi eld along with elevated TDS concentrations and chloride: sulfate ratios in groundwater suggest an oilfi eld salinity source.
The deeper conductive layer is present in all soundings and was likely reached by only the Mays 1 well ( Figure 5 ). This is tentatively interpreted as a lower zone of saline groundwater that is likely to have natural sources of salinity.
Conclusions
Ground and borehole geophysical measurements in an oil fi eld along a salinized segment of the Colorado River complemented airborne stream-axis data and initial groundwater investigations by (1) delineating the lateral and vertical extent of salinization; (2) identifying salinity sources; (3) enabling a better conceptual understanding of the salinization mechanism, and (4) guiding future monitor well placement and remedial actions.
Ground conductivity transects identifi ed salinization boundaries and discrete salinized areas in and near an oil fi eld within the limited exploration depth of the ground conductivity instrument. Analyses of water samples from the Colorado River and from shallow wells suggest oilfi eld sources of salinity where apparent conductivities, TDS concentrations, and chloride:sulfate ratios are high. Borehole gamma logs demonstrated consistent and distinguishable natural gamma count rates within coarse alluvial (high count rates) and bedrock strata (high rates in mudstone and low rates in sandstone). These logs refi ne key stratigraphic boundary picks based on borehole cuttings descriptions. Borehole conductivity logs showed a strong relationship between water salinity and measured conductivity. These logs identifi ed single and multiple subsurface salinized horizons in water wells and monitor wells in and near the oil fi eld.
TDEM soundings complemented borehole logs by determining conductivity profi les to greater depths than those reached by wells. Soundings identifi ed a shallow conductive layer with an upper boundary at or above the Colorado River that is correlatable across the oil-fi eld area. This layer represents an upper saline groundwater zone that water analyses, borehole logs, and lateral conductivity transects suggest has a strong oilfi eld salinity component. TDEM soundings also identifi ed a deeper conductive, salinized zone that is likely to have natural salinity sources.
